I nfliximab (IFX), a chimeric monoclonal immunoglobulin G1 (IgG1) targeting tumor necrosis factor (TNF), has dramatically improved the therapeutic management of Crohn's disease (CD) and ulcerative colitis (UC). Despite the efficacy of IFX in inducing and maintaining remission in CD and UC, 1,2 loss of response (LOR) represents a therapeutic challenge for many patients. LOR, also defined as secondary nonresponse, refers to patients who have initially responded to treatment at induction but have subsequently experienced a flare-up of the disease during treatment maintenance. Its estimated rate varies from 10% to 30% over 12 months of treatment, 3, 4 although there is no consensus on the accurate rate. 5 Immunogenicity, that is the generation of antibodies to IFX (ATIs), induced by the chimeric monoclonal IgG, seems to enhance drug clearance 6 and may partially explain LOR. [7] [8] [9] Indeed, the amount of circulating ATIs is correlated with lower IFX trough levels (TLs) as well as lower duration of response. 6, 8 Consequently, to optimize IFX treatment, several studies were conducted to decipher the pharmacokinetics of IFX during maintenance, with focus on TLs, 10, 11 ATI measurements, 12 or impact of immunosuppressants (IMM). 13, 14 An interval of 3 to 7 mg/mL IFX TL was shown to be correlated with sustained clinical response or remission. 3, [15] [16] [17] A therapeutic decision algorithm based on IFX TLs, referred as therapeutic concentration monitoring (TCM), was proposed in patients with inflammatory bowel diseases with LOR and active disease. 3, [15] [16] [17] [18] On the one hand, patients with active disease with low IFX TLs should be optimized during maintenance either by increasing the dose or shortening the interval in case of low ATI levels but might need to be switched in case of high ATI levels. On the other hand, patients with active disease and optimal range of IFX TLs (3-7 mg/mL) should be considered for switching to another treatment. 18 Nevertheless, this approach is in essence reactive. Inversely, TCM was then implemented following a proactive approach in which IFX TLs are measured upfront to titrate the next IFX infusion dose. 19 In line with this proactive approach, randomized controlled trials such as the TAXIT or TAILORIX trials have been conducted. Patients were randomly assigned to proactive dose optimization based on TCM or standard of care, namely optimization of IFX based on clinical criteria, serum C-reactive protein (CRP) levels, and endoscopy findings. The TAXIT trial, 20 a Leuven single center trial, suggested a better clinical outcome in CD (but not in UC) patients when TCM was proactively targeted within the optimal interval of 3 to 7 mg/mL IFX TL. However, the TAXIT trial did not achieve its primary endpoint, defined as a significant difference in the proportion of patients in clinical and biological remission at 1 year after optimization between the 2 arms. Nonetheless, proactive TCM was associated with lower drug costs. The TAILORIX trial, a multinational and multicenter trial, 21 had a slightly different design and only enrolled patients with CD. Similar to the TAXIT trial, the primary outcome, that was sustained steroid-free clinical remission from week 22 to week 54, was not reached suggesting that proactive TCM was not superior to standard of care for IFX optimization during treatment maintenance.
Currently, all strategies to optimize IFX treatment in patients with LOR have considered only the maintenance phase of the treatment. By contrast, very few data are available on IFX TLs at induction and their impact on long-term response in maintenance. Recently, week 14 TLs and ATIs were shown to predict success to IFX therapy when reinitiating IFX in patients previously exposed to IFX. 22 This retrospective study suggests that TL measurement before the first maintenance dosing (week 14) may indeed help in predicting long-term response in patients previously treated with IFX. The aim of our study was to look at the IFX pharmacokinetics at induction (weeks 2 and 6) and evaluate its impact on treatment failure during maintenance.
PATIENTS AND METHODS

Study Design
This study was conducted in a single center, at Erasme Hospital, Brussels, Belgium. The samples were collected prospectively from 2007 to March 2015 with a retrospective analysis of clinical data. It should be noted that the treating physicians were not aware of IFX TL and ATI measurements at the time of treatment optimization that was therefore based on clinical criteria only (i.e., standard of care). All the samples were prospectively collected blindly as all the samples were only measured on March 2015. Thus, the measurements data could only be interpreted after the retrospective analysis of clinical data.
Study Population
A total of 269 patients received IFX treatment. Thirty-two patients were excluded from analyses for the following reasons: 1 patient died and 31 patients were lost during follow-up. Seven patients were switched toward another biotherapy due to side effects (severe infusion reactions [ 
Data Collection
Clinical information was retrospectively collected from the hospital electronic patient chart that allows chronological listing of all events. In addition to simple demographic data, the following data were collected in details: dates of first induction and end/abortion of IFX treatment, dates of the 3 induction regimen infusions, infusion dates during maintenance, dates of changes in the interval of administration, dates of dose optimization, use of concomitant IMM, dates of any changes in escalation or deescalation of IMM (starting or stopping IMM), type I immediate hypersensitivity, delayed type III hypersensitivity, reasons for stopping IFX (secondary nonresponder, pregnancy, loss of follow-up, need for surgery, deep remission, the occurrence of adverse events [e.g., infections] or switch to other biologics).
Active disease was defined on clinical, biological, and endoscopic criteria. Disease activity was evaluated retrospectively by recollection of clinical criteria from the electronic patient chart. Biological activity was assessed when available using serum CRP levels. A CRP below 10 mg/L was classified as biological response in patients with elevated CRP at baseline. Endoscopic activity was assessed when available within the month before IFX infusion. In this retrospective study, dates of all clinical, biological, and endoscopy data were entered to take into account all disease activity parameters over time in a comprehensive manner. Primary nonresponder was defined as lack of response to IFX within 10 weeks after the first infusion requiring treatment modification (e.g., steroids, surgery, .). Secondary nonresponder was defined by the need for IFX optimization and/or to switch to other biologics because of active disease (see above). Data collection was stopped on September 30, 2015. The different outcomes described in the flowchart were reported up to this date.
Blood Samples
Blood samples were prospectively collected and stored in the Biobank of the Laboratory of Experimental Gastroenterology. This Biobank was approved by Erasme Hospital Ethics Committee and each patient has signed an informed consent (EC number B2011/005).
We analyzed 2331 samples issued from 269 patients with inflammatory bowel diseases treated with IFX.
All patients underwent routine 14 mL blood sample collection at the infusion unit before each new infusion, defined as IFX trough level (IFX TL). These samples were centrifuged and the plasma was divided into 1000 mL aliquots and stored at 2208C.
Laboratory Methods
All plasma samples were analyzed for IFX TL using an enzyme-linked immunosorbent assay. This kit (ApDia, Turnhout, Belgium) was based on microtiter strips coated with TNF-a and an enzyme horseradish peroxidase-conjugated monoclonal antibody (clone 6B7) recognizing IFX specifically. All samples were tested by a standard dilution of 1/100. A calibration curve was obtained by plotting the absorbance values versus the corresponding calibrator values and the concentration of IFX was determined by interpolation from the calibration curve. The sample processing was automatized by DS2 (Dynex Technologies, Chantilly, Virginia). IFX TLs are expressed as micrograms per milliliter (mg/mL).
From the 2331 samples, 42% (72/172), 23% (134/585), and 24% (255/1044) were measured below 1 mg/mL in the LOR switched, long-term responders and LOR optimized groups, respectively. Ninety-two samples were therefore analyzed for IFX ATI using drug-sensitive bridging enzyme-linked immunosorbent assay. This assay can only detect ATI when IFX concentration is below quantification limit. IFX was used as coating and tagging antibody and an anti-IFX antibody (MA-IFX-10F9) was used as standard. All samples were tested by a standard dilution of 1/25. Samples with a titer above 100 were subsequently tested using a 1/200 dilution and samples with a titer above 1000 were subsequently diluted 1/1600. For patients not requiring optimization, the first sample with TL below quantification limit was chosen. For patients requiring optimization, the sample just before optimization was selected if TL was below quantification limit. For patients requiring switch because of LOR, any sample with TL below quantification limit at induction (week 2 or 6) was selected. ATI are expressed as nanograms per milliliter (ng/mL) MA-IFX10F9 equivalents. ATI were reported as negative when the concentration was less than 2.5 ng/mL. 23 
Statistical Analysis
To compare the different outcomes, Kolmogorov-Smirnov test was used. This nonparametric test was indeed privileged after having identified the nonnormality of distribution, thanks to x 2 goodness-of-fit test. Kruskal-Wallis test was used when more than 2 outcomes were compared. Results were therefore expressed as median with confidence interval at 95%. x 2 test was used to compare categorical variables. Significant difference between outcomes was set for P, 0.05. All data were gathered in a central database using Excel (Microsoft, Redmond, WA) and analyzed using SPSS 23.
RESULTS
Study Population
Baseline demographics and detailed characteristics of the different outcomes are summarized in Table 1 . No difference was observed between the groups excepted for CD/UC ratio, disease location according to Montreal classification for CD, and surgery. The follow-up is discussed below.
Patients were treated with IFX alone defined as monotherapy in 40.9% (n ¼ 110/269) and cotreated with IFX and immunosuppressant (IMM) defined as combotherapy in 31.6% (n ¼ 85/269). About 27.5% were sequentially treated with monotherapy and combotherapy (n ¼ 74/269) with the subsequent repartition: 24 patients treated first by monotherapy and then combotherapy, 31 patients treated by combotherapy and then monotherapy and 19 patients had been treated with both sequences (mono/combo/mono or combo/mono/combo).
The chart review was stopped in September 2015. A flowchart of the study population is presented in Figure 1 . Thirty-nine patients were excluded from analyses (see in Patients and Methods). To analyze the IFX pharmacokinetics, the study population was divided into 3 groups according to treatment outcome during maintenance as described in Patients and Methods.
During maintenance, 32.7% of the patients (n ¼ 88/269) experienced LOR corresponding to secondary nonresponders, requiring treatment optimization by either shortening the interval of administration and/or by increasing the dose.
1. 31.8% of these patients (n ¼ 28/88) with persistent clinical and/or endoscopic activity and/or elevated CRP, did not respond to any optimization strategy and were therefore switched to another biotherapy (20/28) or underwent surgery (8/28), and were defined as the LOR switched group. 2. 68.2% of patients (n¼ 60/88) responded to optimization, corresponding to secondary responders to optimization and were defined as the LOR optimized group. Optimization was based on clinical criteria only in 57.6% and together with elevated CRP and endoscopic activity in 20% and 22.4%, respectively.
The Stop group was composed of patients who stopped treatment because of deep remission, as defined by no symptoms, normal CRP, and partial or complete mucosal healing. Some of these patients were initially treated with combo and then deescalated to IMM alone (bridge therapy) (n ¼ 26/58) and others were discontinued from both IFX and IMM (30/58). It should be noted that among these 30 patients, at 1 year of follow-up, 14 required a retreatment with a biologics. At the end of the data review on September 2015, the 3 groups had different median follow-ups (P ¼ 4.46 · 10 29 ). The LOR optimized group had the longer median duration of treatment, 52 months (6-192 mo). The long-term responders group had a median duration of 30 months (5-104 mo). Finally, the LOR switched group had a median duration of 18 months (5-70 mo).
Trough Levels During Maintenance
Trough Levels Are Different Between Monotherapy and Combotherapy During Maintenance
During maintenance, median IFX TL was significantly higher in patients always on combotherapy (n ¼ 85) compared with patients always on monotherapy (n ¼ 110) (2.11 mg/mL [0.1-11.98 mg/mL] versus 1.23 mg/mL [0.09-12.09 mg/mL], P ¼ 2 · 10 27 ). Figure 2A -D displays IFX TLs in patients treated with the 2 following regimens, monotherapy and combotherapy. Overall, median IFX TLs were significantly higher in patients with combotherapy when patients were directly initiated with combotherapy as described on Figure 2A , C. In contrast, no differences of IFX TLs were observed between the 2 regimens, monotherapy and combotherapy, when patients were first initiated with monotherapy as described on Figure 2B , D. 
Trough Levels Are Different Among the 3 Outcome Groups During Maintenance
Trough Levels at Induction
There was no significant difference in median IFX TL between long-term responders and patients experiencing LOR regardless of the 2 outcomes, the LOR switched or LOR optimized groups. Therefore, we considered the analyses at induction separately among the 3 different outcomes.
Trough Levels Are Different Among the 3 Outcome Groups at Induction
Looking at induction (weeks 2 and 6 combined), median IFX TL was not significantly different between the long-term responders (11.89 mg/mL [0.12-19.93 mg/mL]) and the LOR optimized group (9.85 mg/mL [0.17-14.91 mg/mL]), P ¼ 0.88. However, median IFX TL at induction was significantly lower in the LOR switched group compared with the 2 other groups (4.4 mg/mL [0.12-19.93 mg/mL], P ¼ 0.023) (Fig. 3A) . To rule out the influence of UC/CD ratio on these aforementioned findings, TLs were separately analyzed in CD and UC patients without any observed difference: 3.3 mg/mL (0.12-19.93 mg/mL) for CD versus 4.4 mg/mL (0.15-12.09 mg/mL) for UC in the LOR switched group (P ¼ 0.8), 10.3 mg/mL (3.36-13.97 mg/mL) for CD versus 9.5 mg/mL (0.17-14.91 mg/mL) for UC in the LOR optimized group (P ¼ 0.14) and 11.8 mg/mL (1.44-11.96 mg/mL) for CD versus 11.9 mg/mL (0.12-19.93 mg/mL) for UC in the long-term responders group (P ¼ 0.7). During the induction phase, the second (week 2) and third infusion (week 6) TLs were separately analyzed to evaluate which time point would be the most indicative and clinically useful as predictive marker of treatment failure. Figure 3B shows median IFX TL of the 3 groups at the third infusion time point (week 6). Median IFX TL at week 6 in the LOR switched group (2.32 mg/mL [0. [12] [13] [14] [15] [16] [17] [18] [19] .93 mg/mL]) was lower than in the long-term responders (8.66 mg/mL [0.12-12.09 mg/mL], P ¼ 0.007) and the LOR optimized group (7.28 mg/mL [0.17-14.91 mg/mL], P ¼ 0.021). At the second infusion (week 2), median IFX TL was lower in the LOR switched group (5.7 mg/mL [0. 15-12. 09 mg/ mL]) compared with the long-term responders (11.92 mg/mL [0.14-19.93 mg/mL], P ¼ 0.041) but no significant difference was reached with the LOR optimized group (11.91 mg/mL [0. 23-12. 09 mg/mL], P ¼ 0.065) (see Supplementary Figure 1 , Supplemental Digital Content 2, http://links.lww.com/IBD/B495). Figure 4 describes the distribution of IFX TLs in each group at induction with an arbitrary subdivision in 4 ranges of IFX TL values: below 3 mg/mL, between 3 and 9 mg/mL, between 9 and 12 mg/mL, and above 12 mg/mL. More than are different than in patients treated with the sequence "monotherapy first then combotherapy" (2.51 mg/mL [0.11-12.09 mg/mL]) (P ¼ 0.002). D, Median IFX TLs under monotherapy in the 2 treatment sequences. Median IFX TLs in patients treated with the sequence "monotherapy first then combotherapy" (2 mg/mL [0.11-12.09 mg/mL]) and patients treated with the sequence "combotherapy first then monotherapy" (3.14 mg/mL [0.08-11.98 mg/mL]) (P ¼ 0.39). FIGURE 3. A, Median IFX TLs during induction adding weeks 2 and 6. Median IFX TLs are 11.89 mg/mL (0.12-19.93 mg/mL) in long-term responders, 9.85 mg/mL (0.17-14.91 mg/mL) in LOR optimized and 4.4 mg/mL (0.12-19.93 mg/mL) in the LOR switched groups. Median IFX TLs are significantly lower in the LOR switched group than in long-term responders (P ¼ 0.012) and the LOR optimized group (P ¼ 0.018). B, Median IFX TLs during induction at week 6. Median IFX TLs are 8.66 mg/mL (0.12-12.09 mg/mL) in long-term responders, 7.28 mg/mL (0.17-14.91 mg/mL) in the LOR optimized and 2.32 mg/mL (0.12-19.93 mg/mL) in the LOR switched groups. Median IFX TLs are significantly lower in LOR switched group than in long-term responders (P ¼ 0.007) and the LOR optimized group (P ¼ 0.02).
46% of patients had IFX TLs measured below 3 mg/mL in the LOR switched group. Likewise, the pie representing the LOR optimized group showed a larger proportion of low IFX TLs, below 3 mg/mL and between 3 and 9mg/mL, than in the longterm responders group.
Induction Trough Levels Are Different According to Previous Treatment Status
Each group was subdivided according to naive or previous treatment with anti-TNF (IFX or adalimumab) status. In the LOR switched group, median IFX TL was significantly lower in previously exposed patients (10/28) than in naive patients (18/28) (0.92 mg/mL [0.12-4.4 mg/mL] versus 6.6 mg/mL [0. [15] [16] [17] [18] [19] .93 mg/mL], P¼ 0.044) (Fig. 5A) . Inversely, there was no significant difference between median TL in the LOR optimized group between naive (36/60) or previously exposed patients (24/60) (9.38 mg/mL [0.17-14.91 mg/mL] versus 11.82 mg/mL [0.17-14.91 mg/mL], P ¼ 0.52) as well as in naive (50/64) or previously exposed (14/64) long-term responders (9.57 mg/mL [1.44-11.97 mg/mL] versus 11.91 mg/mL [0.12-19.93 mg/mL], P ¼ 0.92).
Subsequently, the 3 groups were separately analyzed based on naive or previously exposed status.
In the naive population, despite a trend for a lower median TL in the LOR switched group (6.6 mg/mL [0. [15] [16] [17] [18] [19] .93 mg/mL] compared with the LOR optimized group 9.38 mg/mL [0.17-14.91 mg/mL]) and long-term responders (9.57 mg/mL [1.44-11.97 mg/mL]), no significant difference was observed between the groups (P ¼ 0.146). Considering the analysis discriminating week 2 and 6 TLs separately, no significant differences were observed between the 3 groups in the naive population (see Supplementary  Figure 2A , B, Supplemental Digital Content 2, http://links.lww. com/IBD/B495).
In the previously exposed patients, the LOR switched group had a lower median IFX TL (0.92 mg/mL [0.12-4.40 mg/mL]) compared with the long-term responders (9.57 mg/mL [0.44-11.97 mg/mL], P ¼ 0.015) and LOR optimized group (11.82 mg/mL [0. 23-12. 09 mg/mL], P ¼ 0.005). Similarly, considering the analysis discriminating weeks 2 and 6 TLs separately, no significant differences were observed between the 3 groups in the previously exposed population (see Supplementary Figure 2C 
Presence of ATI in the 3 Outcome Groups
A total of 92 samples were analyzed for ATI measurement based on IFX TLs at induction and maintenance. Sample selection among the different outcome groups was described in Patients and Methods. A total of 32, 35, and 25 samples were analyzed in the LOR optimized, long-term response, and LOR switched groups, respectively. The percentage of ATI occurrence was significantly lower in the long-term responders (5.7% [n ¼ 2/35]) than in the LOR optimized (37.5% [n ¼ 12/ 32], P¼ 0.002) and LOR switched groups (40% [n ¼ 10/25], P ¼ 0.002). Interestingly, among the LOR switched group, the percentage of ATI occurrence was similar in patients whether naive or previously exposed to anti-TNF (38.8%, n ¼ 7/18 versus 42.9%, n ¼ 3/7, P¼ 0.86) (Fig. 5B) . The same observation was found in the LOR optimized group (25%, n ¼ 3/12 versus 45%, n ¼ 9/20, P ¼ 0.45). No comparison was possible within the long-term responders group due to the low presence of ATI.
DISCUSSION
The aim of our study was to look at the pharmacokinetics of IFX at induction and evaluate its impact on long-term response. We observed that patients who were switched to another treatment because of LOR during maintenance (LOR switched group) had significantly lower median TLs at induction than patients with sustained response with or without optimization. This difference was even more obvious in previously exposed patients to anti-TNF, whether Adalimumab or IFX. Looking carefully at induction, week 6 IFX TLs appeared to be the most indicative and clinically useful as predictive marker of treatment failure. Unsurprisingly, the presence of ATI was correlated with the need of optimization during maintenance. However, the presence of ATI in patients whether naive or previously exposed to anti-TNF was similar in the 2 groups experiencing LOR (LOR switched and LOR optimized groups), which suggests that lower TLs may not be related only to immunogenicity to IFX.
Despite several studies on IFX pharmacokinetics aspects 3,10-17 or prospective trials evaluating proactive monitoring during treatment maintenance, 20,21 the understanding of LOR remains challenging. 3, 4 We aimed at examining IFX TLs early at induction, as it seems to offer an even more predictive approach of LOR than proactive monitoring of IFX TLs during maintenance. Baert et al 22 had already reported that IFX dosage at week 14 could be an earlier predictor of long-term IFX response when reinitiating IFX therapy in patients who had been previously treated with IFX. Remarkably, in our study, TLs at earlier time point at week 6 appeared to be predictive of LOR in patients who required a switch to another treatment. This appeared to be at least true for patients previously exposed to anti-TNFs, not only to IFX but also to adalimumab. Early TLs at induction in naive patients could also be predictive of long-term response during maintenance, but would FIGURE 5. A, Median IFX TL in LOR switched group according to naive or previously exposed to anti-TNF status. Median IFX TLs are 0.92 mg/mL (0.12-4.4 mg/mL) in the previously exposed patients (10/28) and 6.6 mg/mL (0. [15] [16] [17] [18] [19] .93 mg/mL) in naive patients (18/28) with a significant difference (P ¼ 0.044). B, Presence of ATI (%) according to naive status or previously exposed to anti-TNF. The percentage of ATI occurrence are 38.8% and 42.9% in naive patients and previously exposed to anti-TNF patients, respectively, without significant difference (P ¼ 0.86).
need to be confirmed in a larger patient population (due to the limited size of our LOR switched group [n ¼ 28]). The difference is small in median IFX TLs of the 3 outcome groups during maintenance, as it represents the median value of all TLs in each of the 3 groups and, therefore only partially highlights the difference in TLs between the groups. Pharmacokinetics measurements during maintenance may not be as indicative as initially expected. On the one hand, TLs measured just before optimization or switch may be, but not always, below the therapeutic dose range. On the other hand, a progressive decrease of TLs occur in all patients during maintenance; even a significant proportion of patients with long-term remission may have eventually low TLs, as previously reported by Buurman et al 11 This further supports that induction may a more discriminative window of opportunity to detect patients who will maintain response or fail to IFX in the long term.
Furthermore, we confirmed some IFX pharmacokinetics characteristics already reported during maintenance. First, TLs during maintenance were higher when patients were treated with combotherapy than monotherapy. 14, 24 Also TLs during maintenance were higher when patients were initially treated with combotherapy compared with patients secondarily treated with combotherapy, heralding the importance of starting patients on combotherapy to lessen immunogenicity against IFX. 25 Second, a negative correlation between CRP and TLs was observed as described in other studies 3, 26, 27 (data not shown).
To evaluate the impact of antibodies to IFX (ATI), antibodies were measured in patients with low TLs at induction or just before optimization during maintenance according to indications in Patients and Methods. The percentage of ATI detection was similar in the different groups as reported in other studies 8, 28 except in the long-term responders where ATI detection was very low. This low presence of ATI in the long-term responders suggests that ATI presence is correlated to the need of optimization, which had been already demonstrated in previous studies. 6 Interestingly, the occurrence of ATI was comparable in both naive patients or previously exposed patients who experienced LOR (LOR switched and LOR optimized groups). These observations suggest other mechanisms than immunogenicity, such as nonimmune drug clearance, scavenging process, or active disease depleting anti-TNF drugs, 9, 11, 18, [29] [30] [31] to be involved in patients with LOR and low IFX TLs. Our study has a few limitations. Despite prospective collection of blood samples, missing values/data could impact the robustness of this study. However, this study is based on a large cohort, which partially offsets the incomplete blood collection. Finally, the clinical data were analyzed retrospectively, and clinical evaluation and work-up were not strictly performed at the exact same time.
In conclusion, this study suggests that the induction may be a momentum to discriminate patients who will maintain response or fail to IFX during treatment maintenance, especially in patients with previous exposure to anti-TNFs. New prospective studies on IFX pharmacokinetics and on all new biologics should focus on induction to personalize and optimize the dosing early on directly at induction to improve long-term response and remission.
